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SUMMARY 
The demand for foods possessing health benefits above and beyond calorie value is 
continuously increasing. In this context, lactoferrin (LF) has received considerable research 
attention because of its unique iron binding and delivering abilities. LF is a minor constituent 
of milk proteins which possesses antibacterial, antioxidant and anti-carcinogenic 
characteristics in addition to its iron-binding ability. For these reasons, it is increasingly used 
as an important ingredient in many foods (e.g. infant milk formula) and pharmaceutical 
products (e.g., Acne care drugs).  
The functional properties of LF are highly dependent on its structural integrity. Since 
LF is sensitive to temperature and other chemical induced denaturation, the extraction, 
powder formation processes and processing parameters of LF and LF-containing products 
have to be optimised to minimise the undesired conformational changes (denaturation). The 
breakdown of structure and subsequent loss in the functional values of LF and LF-containing 
products in human digestive system also require systematic study. This understanding will 
help develop novel methods to best deliver LF to the targeted absorption sites in the human 
gastrointestinal tract in structurally and functionally stable form. Therefore, this study 
investigated the structure-function relationship of LF during thermal processing (convective 
air drying, spray drying and freeze drying) and digestion (in-vitro adult condition), and also 
studied its complex coacervation with sodium alginate (NaAlg) to preserve its structural 
integrity and functional properties and to slow down its premature digestion.  
LF exits in 3 different forms, i.e., iron depleted apo form, iron saturated holo form and 
partially iron saturated mono form. In this study, apo and holo forms of LF were prepared in 
the laboratory. Native-LF is a mixture of all of these three forms. The native-LF was 
extracted by membrane processing technology and was made available to this work in fresh 
aqueous solution form by a local manufacturer. The level of iron saturation of apo-, native- 
and holo-LF was 1.4, 12.6 and 100.0%, respectively.  
At the first stage of this study, single droplet drying was carried out to quantify the 
drying and denaturation kinetics of LF during particle formation process. The single droplet 
drying simulates the drying of a droplet subjected to spray drying. It was found that 10-30% 
of LF was denatured when convective air drying was carried out for 10 min primarily due to 
longer drying time. The actual spray drying operation (180oC inlet and 70-95oC outlet 
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xix 
 
temperatures) was found to cause no significant denaturation of LF due to characteristically 
short drying time. A commonly used freeze drying process was also found to cause no 
significant denaturation of LF. The secondary structural features of both spray- and freeze-
dried LF were identical to those of fresh LF solution. No significant decrease of the 
antioxidant capacity of LF was observed in the spray-dried LF powders while up to 6% 
decrease was observed in the freeze-dried LF powders. These findings indicate that industries 
could produce LF powders without losing its structural integrity and functional properties by 
selecting suitably optimised spray- and freeze-drying processes.  
The degradation patterns, alteration in the secondary structural features and changes in 
the functional properties of LF were determined in-vitro simulating the human adult digestion 
system. The results show that the structure-function characteristics of LF were not altered 
during the oral stage of digestion. However, the structure of LF was unable to resist gastric 
stage of digestion and it was completely broken down into <10 kDa peptide fractions. These 
fractions were further degraded during the intestinal stage of digestion. These findings 
conclusively show that LF cannot be delivered to the small intestine absorption sites in its 
structurally intact form through oral intake. The degraded peptides possessed <20% iron 
binding capacity compared to that of the intact LF. The antioxidant capacity of LF also 
decreased significantly during the gastric stage of digestion. The above observations 
indicated that LF must be protected from premature digestion in the gastric stage of digestion.  
The LF-NaAlg complex coacervates were synthesised and the digestion behaviour of 
the complex coacervated LF was studied. The highest yield of the complex coacervates was 
achieved at pH 4.5 and LF-to-NaAlg ratios of 8:1. No changes in the secondary structural 
features of LF occurred due to the formation of these electrostatically driven LF-NaAlg 
complex coacervates. The optimised LF-NaAlg complex coacervates provided 27%–34% 
protection to LF during the gastric stage of digestion while the unprotected LF was 
completely decomposed. The secondary structural features of LF were protected to a 
significantly greater extent in the gastric digestion stage when it was in complex coacervated 
form. The antioxidant capacity of LF in the complex coacervated form was also fully retained 
during gastrointestinal tract. However, the effectiveness of LF as an iron transferring protein 
was not improved when it formed complex coacervates with NaAlg. 
This study provides fundamental insights into the fact that the structural and functional 
properties of LF can be altered due to thermal, acidic and enzymatic stresses encountered 
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xx 
 
during thermal processing and digestion. It also shows that the undesirable changes in 
structure and functions of LF can be significantly reduced by optimising process parameters 
and forming complex coacervates as a more acid-stable matrix. Overall, this study paves a 
way for the production of structurally and functionally intact LF powders through spray and 
freeze drying process. The outcomes of this study help better utilisation of LF in high-value 
food products that aim to deliver LF through oral intake. The complex coacervation based 
approach, developed in this study to protect LF in gastric stage of digestion, can also be 
applied to other bioactive proteins. 
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1.1. Background 
With increased awareness of consumers regarding their health and wellbeing, foods are 
no longer considered only as carriers of nutrients and energy. Instead, they are expected to 
enhance physical and mental wellbeing at various stages of life. Desired health benefits can 
be imparted to foods by incorporating biologically-active or functional ingredients. In 
general, these foods are known as functional foods and consumer demand for them has been 
continuously increasing in recent years (Betoret, Betoret, Vidal & Fito, 2011). In this context, 
a number of new bio-active proteins have been extracted from animals and plants and their 
functional efficacies have been investigated. One of such highly sought-after protein is 
lactoferrin (LF), which is also known as lactotransferrin.   
LF is known for its characteristic iron binding and transferring abilities. Since iron 
deficiency is one of the most common nutritional deficiencies in the world (Centers for 
Disease Control and Prevention, 2002), LF is increasingly viewed as an effective and safe 
ingredient to deliver iron to people with iron deficiency (Paesano et al., 2010). Apart from 
this commonly known iron binding ability, LF has also been reported to facilitate absorption 
of sugars (Artym & Zimecki, 2005), provide defense against infection and inflammation 
(Britigan et al., 1994; EI-Loly & Mahfouz, 2011), modulate cell growth and inhibit the 
formation of several toxic compounds (Baveye et al., 1999). Due to these reasons, industrial 
manufacturing of bovine LF is continuously increasing for last 25 years (Tomita et al., 2009). 
The global market for LF has increased from 45 tons in 2001 to 185 tons in 2012 and it is 
projected to grow to 262 tons in 2017 (Synlait, 2013).  
LF is found in relatively higher concentration in bovine milk than in other sources 
(Tomita et al., 2009); however, the extraction process is costly. It has been reported that 
10,000 litres of bovine milk can produce only 1 kg of LF by using sophisticated membrane 
filtration technologies. It is also called ‘pink gold’ due to its scarcity in the market and high 
cost. After extraction, LF is usually converted into powders in order to extend its shelf-life 
and to preserve its bio-functional properties. Commercially available LF powders are 
primarily produced by freeze drying and there is very limited knowledge about its spray 
drying process. Spray drying uses atmospheric air at high temperature and very low relative 
humidity as the drying medium. Droplets of submicron to 200 micron in diameter are brought 
into contact with inlet air of 180oC or above (Woo & Bhandari, 2013). Thus, thermal and 
dehydration related stresses are quite strong and pervasive in spray drying process (Haque et 
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al., 2013) and these stresses are expected to denature LF when it is being converted into 
powder using spray drying. The extent and the nature of denaturation of LF in the spray 
drying (convective drying) environment and the impact of denaturation on solubility, iron 
binding/release ability and digestion characteristics are currently poorly understood. 
Quantification of drying kinetics (moisture loss, temperature histories and drying rate) as a 
function of temperature and relative humidity of drying air together with the denaturation 
kinetics and droplet/particle morphology are essential for determining best possible drying 
parameters to produce spray-dried LF powders. Lack of this information can lead to over 
processed LF particles with unacceptable low solubility and other suboptimal functional 
properties. Due to the above mentioned gap in knowledge, industries are using much more 
expensive freeze drying technology which is >5 times expensive in terms of capital cost and 
>8 time expensive in terms of operational cost compared to spray drying (Ratti, 2012). Thus, 
a thorough and systematic study is required to understand the quality and functional aspects 
of both spray-dried and freeze-dried LF. If LF powders with comparable characteristics of 
those of freeze-dried ones can be produced through spray dying, the cost of production can be 
reduced and LF can be made readily available and affordable.   
LF is called ‘pink gold’ not only because of its high cost but also because of its 
important bio-functional properties. However, native-LF is unable to pass through the adult 
human gastric digestion stage in a molecularly intact and functionally sound form (David-
Birman et al., 2013; Furlund et al., 2013). Since LF’s functional properties are highly 
dependent on its unique structural conformation (Lönnerdal, & Kelleher, 2009; Pan et al., 
2007), there will be no benefit of taking LF unless it is protected from gastric pepsinolysis. 
Thus, LF must be protected to a suitable degree during its delivery to its absorption site of 
human intestine. One of the most widely used methods of protecting sensitive and unstable 
bioactive ingredients is to encapsulate them in a more stable matrix (Bokkhim et al., 2016; 
Kanwar, Mahidhara, & Kanwar, 2012). Alternatively, formation of complex coacervates of 
LF with more stable polysaccharide gums is expected to increase its stability during gastro-
intestinal delivery (Gulão et al., 2014; Yan et al., 2013). 
Complex coacervation involves at least two oppositely charged biopolymers such as 
proteins and polysaccharides in aqueous medium. These polymers interact with each other 
electrostatically and form protein-polysaccharide insoluble complexes at a specific pH, ionic 
strength and protein-to-polysaccharide mixing ratios (De Kruif, Weinbreck & de Vries, 2004; 
Eratte et al., 2014). These complex coacervates are more surface active and are considered as 
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better encapsulants compared to individual protein or polysaccharide gum. In addition, 
simple operation and easy to scale-up features are some of the advantages of the complex 
coacervation process. For these reasons, complex coacervation is widely used in food and 
pharmaceutical industries for encapsulation of unstable bioactive ingredients such as 
vitamins, flavour oils and polyunsaturated fatty acids (Junyaprasert et al., 2001; Timilsena et 
al., 2017; Yeo et al., 2005). Sodium alginate is one of the most commonly used and readily 
available polysaccharides to synthesise protein-polysaccharide complex coacervates. This is 
because sodium alginate is relatively more stable than many other polysaccharides against 
thermal and acidic stressors (Bhardwaj et al., 2000). It is expected that LF-alginate complex 
coacervates can be easily formed as sodium alginate possesses negative charges above pH 2.0 
while LF possesses positive charges below pH 8.0 (Bokkhim et al., 2013; Harnsilawat, 
Pongsawatmanit, & McClements, 2006). Thus, LF and sodium alginate could expediently 
form the complex coacervate in a wide pH range. However, optimisation of the complex 
coacervation parameters between LF and sodium alginate is essential to achieve highest yield 
of complex coacervates before they can be utilized for encapsulation and stabilization of LF. 
 
1.2.Expected benefits of this study 
If it can be proven, through this study, that structurally and functionally intact LF 
powders can be produced through spray drying and the spray-dried LF powders possess 
similar or better physicochemical properties to those of freeze-dried powders, industry is 
expected to produce LF powders at significantly low cost. Increased availability and 
affordability of LF powders will greatly broaden their application in many food and 
pharmaceutical formulations and thus contribute to the health and wellbeing of consumers. 
The in-vitro digestion studies carried out using LF and LF-sodium alginate complex 
coacervates will provide valuable information regarding how best to protect the LF in the 
acidically and enzymatically intense or harsh gastric stage of digestion and achieve targeted 
delivery and achieve best physiological utilization. Most importantly, this study will make 
notable advances in knowledge on four fronts. Firstly, it will provide fundamental insights 
into the drying and denaturation (unfolding and aggregation) behaviours of three forms 
(native, iron depleted and iron saturated) of LF in industrially important convective drying 
environment. Secondly, it will provide fundamental insights on the breaking down, iron 
binding and release behaviours of three forms of LF in simulated (in-vitro) gastrointestinal 
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conditions where acid/alkaline and enzymatic conditions vary considerably. Thirdly, it will 
provide a holistic picture of advantages and disadvantages associated with production of LF 
powders using spray and freeze drying processes. Lastly, and equally importantly, it will 
provide greater understanding of complex coacervation between LF and sodium alginate and 
digestion behaviour of the complex coacervated LF during gastrointestinal digestion.    
 
1.3.Research hypotheses and research questions 
This study hypothesizes that spray dying can be used to convert liquid LF into powder 
and that the spray-dried LF powders will have comparable quality characteristics and 
functional properties to those of freeze-dried ones. It also assumes that complex coacervates 
of LF produced using readily available anionic polysaccharides (e.g. sodium alginate) are 
capable of better protecting LF from undesired effects of acid and enzymes prevailing in 
gastric stage of digestion and deliver to the desired absorption site in intestine. It further 
hypothesizes that the iron saturation/depletion levels of LF could affect its drying and 
digestion behaviours.  
In line with the above hypotheses, this thesis addresses the following research questions:  
(1) How does the spray drying process alter the structural features (denaturation) of LF and 
what is the extent of this alteration?  
(2) What are the differences in physicochemical characteristics and functional properties of 
LF powders obtained from spray drying and freeze drying processes?  
(3) How does the mild thermal treatment alter digestion behaviour and functional properties 
of LF such as nature of polypeptides, iron binding and antioxidant capacities?  
(4) Does complexation of LF with sodium alginate increase its resistance to undesired 
breakdown especially during gastric stage of digestion? 
 
1.4. Research objectives 
Overall, this study aimed at providing a fundamental understanding of spray and freeze 
drying behaviour of LF as well as providing fundamental understanding of its digestive 
breakdown pattern in a simulated (in-vitro) gastrointestinal environment. It also aimed at 
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providing understanding of complex coacervation of three forms of LF with a common 
anionic polysaccharide (sodium alginate) and the ability of these complex coacervates in 
enhancing stability of LF during drying and digestion. The specific objectives of this study 
were as follows: 
1. To measure and interpret the drying and denaturation characteristics of LF during a 
convective drying process that simulates the spray drying environment.  
2. To evaluate and compare the physicochemical characteristics and functional properties of 
spray-dried and freeze-dried LF powders. 
3. To measure and interpret the effect of mild thermal treatment on the digestion and 
functional properties of LF. 
4. To produce LF-alginate complex coacervates and to measure and compare the ability of 
the complexed LF to resist undesired breakdown during gastric digestion. 
 
1.5. Outline of this research 
This thesis is organized in 7 Chapters as listed below. The contents of Chapter 3, 
Chapter 4, Chapter 5 and Chapter 6 have been published in refereed journals. The contents of 
Chapter 2 have been accepted for publication in a well-regarded refereed journal. A brief 
outline of each chapter is provided below.  
Chapter 1: This chapter presents relevant background information on LF and its 
function and stability. It highlights the gap in knowledge relevant to this work and the impact 
of this gap on the broader utilization of LF in industrial production. It also articulates the 
rationale and hypotheses of the research and lists the research questions explored during this 
PhD study. The specific objectives to be achieved in this research are also documented.  
Chapter 2: This chapter provides a thorough and critical review of the literature 
relevant to this thesis. It includes the structural features of three forms of LF and their 
relationships to functional properties. Factors affecting the molecular conformational features 
of LF during thermal processing and digestion are discussed. The health benefits and current 
state of utilization of LF in food and pharmaceutical applications are also covered. 
Furthermore, the information available in the literature on the encapsulation and complex 
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coacervation of LF with commonly available anionic polysaccharides is also reviewed and 
documented. The contents of this chapter have been accepted for publication in a refereed 
journal (Critical Reviews in Food Science and Nutrition, in press, 2017). 
Chapter 3: This chapter documents the drying and denaturation characteristics of three 
forms (native, iron saturated and iron depleted) of bovine LF during convective air drying. 
Single droplets of aqueous LF solutions were dried using a single droplet drying instrument 
which mimicked the spray drying process. Isothermal heat treatment of aqueous solution of 
lactoferrin was also carried out for comparison. The contents of this chapter have been 
published (Wang et al., 2017a) 
Chapter 4: This chapter reports the physicochemical and functional properties of 
spray- and freeze-dried native LF powders. The solubility in water, moisture sorption and 
denaturation characteristics of spray- and freeze-dried powders are measured, compared and 
explained. The residual antioxidant capacity of both powders is compared with that of liquid 
LF. The contents of this chapter have been published (Wang et al., 2017b). 
Chapter 5: This chapter documents the digestion behaviour of three forms of LF 
during simulated in-vitro digestion. The effects of mild thermal treatment on the digestion 
and functional properties of the three forms of LF are documented. The contents of this 
chapter have also been published (Wang et al., 2017c). 
Chapter 6: This chapter documents the complex coacervation behaviour and 
established parameters to produce LF-sodium alginate complex coacervates. The efficacy of 
LF-sodium alginate complex coacervate in protecting LF during gastrointestinal digestion is 
documented in this chapter as well. The objective of this Chapter is to slow down the 
premature breakdown of lactoferrin during gastric stage of digestion, which ultimately helps 
delivering functionally intact lactoferrin to human body. Potential applications of the 
lactoferrin-sodium alginate complex coacervates include nutritional supplements, infant milk 
formula products and therapeutic drugs which contain lactoferrin as the active ingredient.  
The contents of this chapter have been published (Wang et al., 2017d).   
Chapter 7: This chapter suitably integrates and puts the contents and findings 
presented in preceding four experimental chapters into context. It also documents the overall 
conclusions drawn from this thesis. The contributions made by this research to the relevant 
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body of knowledge are also articulated in this chapter. Finally, this chapter recommends or 
provides pointers for future research.  
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7.1. Introduction 
This thesis documents a series of research work carried out to study the structure-
function relationships of bovine lactoferrin (LF) during thermal processing and 
gastrointestinal digestion, aiming to preserve its structural integrity and functional properties. 
The new findings contribute to the body of underpinning science which can be applied to 
protect LF against harsh environmental conditions prevailing in powder formation and 
digestion. This thesis started hypothesising that the environmental stresses prevailing in 
drying and digestion environments alter LF’s three dimensional structure and compromise its 
functional properties. It further hypothesised that the undesirable changes in LF’s structure 
and subsequent impact on function can be reduced by a) optimising processing parameters 
and b) forming complex coacervates as more acid-stable matrix. These hypotheses were 
tested and the outcomes are documented in Chapter 3 to Chapter 6. Regarding the effect of 
drying, it was found that denaturation of LF occurred at convective drying environments if 
the exposure time was longer. However, denaturation was avoided in convective drying 
process with short residence time (spray drying) and in low temperature drying process 
(freeze-drying) even when the residence time was longer. The above findings imply that 
industries can produce LF powders without losing its structural integrity and functional 
properties by selecting suitably optimised spray- and freeze-drying processes. In the digestion 
studies, it was found that the LF was completely hydrolysed at the gastric stage of digestion. 
The findings in these studies showed conclusively that LF must be protected by suitable 
means to deliver its functional attributes (e.g. iron transferring property) to human body. 
Complex coacervation between LF and sodium alginate (NaAlg) was carried out in order to 
preserve LF’s structure and functions in the gastrointestinal tract. It was found that this 
approach was partially successful as ~30% of LF in complex coacervated form was delivered 
to the intestinal absorption sites in the functionally intact forms.  
This thesis commenced with the study of the powder formation process of LF. Single 
droplet drying experiments were conducted to obtain the fundamental information such as the 
drying rate, drying kinetics and the nature and extent of changes in secondary structural 
features (denaturation) during convective air drying. This information was used to design or 
formulate a spray drying process so that lowest possible denaturation of LF was achieved. 
The physicochemical and functional characteristics of the spray-dried LF powders were 
determined and compared with those of freeze-dried ones. In order to understand the effect of 
thermal stress on the digestion behaviours of LF, the structural and functional properties of 
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both mild thermal treated and untreated (not heated) LF at different stages of digestion (in-
vitro) were determined. As final part of the experimental work, LF-NaAlg complex 
coacervates were synthesised and the efficacy of this method in protecting LF’s structure and 
functional properties at different stages of digestion was examined. 
The research outcomes in this thesis provide fundamental insight into the drying and 
digestion behaviours of LF and LF-NaAlg complex coacervates. The understanding of the 
drying and denaturation behaviours of LF, documented in this thesis, provides essential 
underpinning science as well as validated process parameters to  produce LF powders using 
spray drying which is much cost effective than freeze drying. This would increase the 
availability and affordability of LF powders and broaden their application in many food and 
pharmaceutical formulations. The advances made on the science of digestion and LF-NaAlg 
complex coacervation shall facilitate much effective delivery of LF through oral route as LF-
NaAlg can be easily incorporated in high-value food products such as infant formula and 
nutritional supplements. Altogether, this study will contribute to the good health and 
wellbeing of human population.  
 
7.2. Main research findings, overall discussion and conclusions 
The structure-function aspects of all three forms of LF (iron depleted apo-LF, iron 
saturated holo-LF and native-LF with 12.6% iron saturation) were studied. The apo- and 
holo-LF were prepared in the laboratory. The iron saturation level of apo- and holo-LF was 
1.4 and 100.0%, respectively. The native-LF was obtained by using membrane filtration 
technology and was received in solution form from a local manufacturer. The purity of these 
LFs was >90%. At the first stage of this study, all the three forms of LF were subjected to 
convective air drying and in-vitro digestion conditions. Mild thermal treatment, which 
simulated the thermal stress that could be encountered in the pre-processing of the drying 
process, was also carried out to investigate its effect on the drying and digestion behaviours 
of LF. It was found that 20-30% of apo-LF and 10-20% of holo-LF was denatured during 
convective air drying of 70 and 95oC when the drying (or residence) time was 10 min. These 
observations showed that iron saturation increased the thermal stability of LF during 
convective air drying process. However, in adult digestion conditions, all the three forms of 
LF were completely degraded to <10 kDa small peptides/amino acids. The iron binding 
ability of all the three forms of LF was decreased by ~80%. The mild thermal treatment did 
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not exert significant effect on the digestion behaviours of LF. These findings indicate that 
iron saturation or an increase in iron saturation level did not increase the stability of LF’s 
structure in gastrointestinal tract. Based on the facts that native-LF is primary product 
obtained industrially and that the digestion pattern of LF is not affected by the degree of iron 
saturation, native-LF was used for the further spray/freeze drying and complex coacervation 
studies. Both spray and freeze drying processes produced high quality (native-) LF powders 
with <2% denaturation. The antioxidant capacity of the spray-dried LF powders was 
comparable to that of liquid ones indicating the fact that the spray-drying process did not 
affect this important functional attribute.  The LF-NaAlg complex coacervates were produced 
with ease in 4.0-5.0 pH range and 8:1 to 16:1 LF-to-NaAlg mass ratios with yield values of 
>85%. Thus, this is highly feasible method to replicate in industrial settings. The secondary 
structural features of LF were not affected when it was complex coacervated with NaAlg. 
These complex coacervates protected ~30% of LF from hydrolysis during gastric digestion. 
The key findings obtained from the above studies and their significance to the body of 
knowledge and real-life application are articulated in the ensuing sections 
 
7.2.1. Convective air drying and denaturation characteristics of lactoferrin  
Currently, there is limited research on spray drying of LF owing to the difficulty of 
measuring drying and denaturation kinetics of aqueous LF droplets in the spray drying 
chamber. Hence, single droplet drying, which mimics the spray drying environment, was 
used to determine the drying and denaturation characteristics of LF in industrially applicable 
convective air drying (spray drying) conditions. 
The key findings of the drying and denaturation characteristics of LF are documented in 
Chapter 3. The thermal properties of LF were determined by using differential scanning 
calorimeter. The data revealed that the thermal denaturation temperature of holo-LF is 22oC 
higher than that of apo-LF. The denaturation temperature of native-LF lies in between that of 
holo- and apo-LF. This higher thermal stability of holo-LF is attributed to its more compact 
conformation formed by binding two iron atoms (Rastogi et al., 2016). For this reason, two 
convective air drying temperatures (70 and 95oC) were selected to investigate the drying and 
denaturation profiles of all three forms of LF. The relative humidity values at these two 
temperatures ranged from 6 to 7% and the air velocities past the droplet were maintained at 
0.5-1.0 m/s.  This is realistic slip velocity range in co-current spray dryers as air and particles 
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move in the same direction. Single droplet of 1,200 µm was created and dried for 10 min. 
Denaturation kinetics of LF was measured at both temperatures. The thermal stability of the 
iron-saturated holo form was the highest (10-20% denaturation), that of iron-depleted apo 
from was the lowest (20-30% denaturation), and that of native form remained in between 
these two forms at both drying air temperatures (~20% denaturation). As determined by 
circular dichroism, the alteration of secondary structural features (-helix, -sheet, -turn, 
and random coil) of all the three forms of LF was of the order of 10% in both medium 
temperatures (70 and 95°C) and exposure time (10 min). However, in the spray drying 
process, even the largest droplet size of LF was smaller than 100 µm diameter and it dried 
much faster due to higher surface area to volume ratio. As high drying rates prevail at high 
surface area to volume ratio, it is expected much less conformational changes (denaturation) 
of LF to occur during spray drying process. The insights gained from the single droplet 
drying study led to the conclusion that the spray drying process can be effectively used to 
produce LF powders. 
 
7.2.2. Denaturation and physicochemical characteristics of spray- and freeze-dried LF  
Fresh aqueous bovine LF solution obtained from membrane processing (16–18%, w/v) 
that obtained directly from industry was used as staring material for spray and freeze drying. 
This aqueous LF solution was spray dried as received without dilution or concentration. The 
physicochemical and functional properties of the spray- and freeze-dried LF powders were 
measured, compared and explained. The findings of this part of study are documented in 
Chapter 4.  
Spray drying was carried out at 180oC inlet temperature and two outlet temperatures of 
70 and 95oC. These two outlet temperatures were found to be optimum through single droplet 
drying experiments and also covered the denaturation temperature of apo-LF (66oC) and 
holo-LF (88oC) mentioned above. The freeze drying process was comprised of pre-freezing 
(-20oC, 24 h), primary (0oC, 12 h) and secondary (20oC, 6 h) drying stages. These drying 
parameters are within the range of industrially preferred freeze drying conditions (Tang & 
Pikal, 2004). Both spray- and freeze-dried LF powders showed negligible denaturation (<2%) 
and had no significant (p>0.05) changes in their secondary structural features. The 
antioxidant activity of both spray- and freeze-dried powders was also comparable to that of 
fresh membrane processed aqueous LF solution. The solubility of both spray- and freeze-
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dried LF were >94%. The moisture sorption properties of spray and freeze-dried LF were 
similar to each other with identical type II sorption behaviour. All the dried-LF powders 
demonstrated typical amorphous characteristics with <2.1% crystallinity. Only minor 
differences in the physical properties (e.g. moisture content and water activity) were observed 
between the spray- and freeze-dried LF powders. The findings documented in Chapter 4 
indicate that, under suitably optimised drying conditions, spray drying can be confidently 
used to produce amorphous LF powders with intact molecular configuration and high 
antioxidant capacities. The characteristic short drying time (<17 s) (Schmitz-Schug, Foerst & 
Kulozik, 2013) and rapid evaporative cooling prevailing in spray drying process are 
attributed in preserving the structural configuration and functional properties of spray-dried 
LF powders. The combination of low temperature and direct sublimation of solid water (ice) 
into water vapour during freeze drying also avoided the denaturation of LF. 
 
7.2.3. Fate of lactoferrin in simulated gastrointestinal digestion 
In order to study the fate or breakdown of lactoferrin powders during simulated 
gastrointestinal digestion, spray- and freeze-dried LF powders produced as detailed in 
Chapter 4 are used. These powders were dissolved in Milli-Q water and subjected to in-vitro 
adult digestion. The change of structure and functional properties of LF at oral, gastric and 
intestinal stages of digestion were measured, interpreted and documented in Chapter 5. The 
effects of mild thermal stress (isothermal heating at 70oC for 10 min) and iron 
saturation/depletion on the digestion behaviour of LF were also studied and documented in 
Chapter 5. The Sodium dodecyl sulphate polyacrylamide gel electrophoresis tests revealed 
that hydrolytic degradation of LF occurred primarily during the gastric stage of digestion. All 
the three forms of LF were degraded to <10 kDa fractions due to the acidic (pH <2.0) 
hydrolysis and pepsinolysis by pepsin. The breakdown of LF also altered secondary structural 
features. It was found that >10% of the α-helix structure of LF was converted into random 
coil during the gastric stage of digestion. Due to this alteration in conformation coupled with 
hydrolysis of LF into peptides in the gastric stage, most of the iron (>80%) was dissociated 
from the LF’s structure in this stage and its iron binding ability was irreversibly lost. The 
antioxidant capacity of LF was also decreased in this digestion stage. These findings 
indicated that LF is not able to deliver its biologically active iron and other important 
functional properties to the absorption sites located at the small intestine. The isothermal heat 
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treatment and the degree of iron saturation in LF had no significant difference in its digestion. 
Therefore, thermal treatment usually applied during the pre-processing of LF (before spray or 
freeze drying) was found to exert no significant effect on the digestion behaviours of LF. Iron 
saturation, which results into a more compact structure of LF, is also not adequately effective 
in delivering LF to the small intestine through oral route. The above findings suggested that 
more effective protection is required to preserve the structural and functional properties of LF 
during digestion and that LF must be adequately encapsulated in order to deliver it as part of 
food. 
 
7.2.4. Complex coacervation and its effect on the digestion behaviours of LF 
Electrostatic complexation (complex coacervation) of LF with NaAlg was used in this 
thesis to slow down or minimise the premature digestion of LF in gastric digestion stage. The 
choice of NaAlg as oppositely charged biopolymer is based on the fact that it is readily 
available in the market and its desirable characteristics such as good affinity with water and 
highly anionic charge density at pH values > 2.0 (Carneiro-da-Cunha et al., 2011; 
Harnsilawat, Pongsawatmanit, & McClements, 2006). Furthermore, NaAlg is also resistant to 
pepsin hydrolysis (Chater et al., 2015). This is also a temperature and acid stable 
polysaccharide, hence, NaAlg was used to synthesise LF-NaAlg complex coacervates. The 
LF-NaAlg complex coacervates were prepared at the optimised pH and LF-to-NaAlg ratios 
(Chapter 6). The physicochemical properties and the digestion behaviour of the LF-NaAlg 
complex coacervates are documented in Chapter 6. 
The LF-NaAlg complex coacervate formation process is affected by the LF-to-NaAlg 
ratio, pH, temperature and ionic strength (De Kruif, Weinbreck, & de Vries, 2004; Liu, Low, 
& Nickerson, 2009). The optimum pH and the LF-to-NaAlg ratio were determined as the 
starting point. The  measured electrostatic charge density (zeta potential) indicated that LF is 
positively charged below pH 8.0 and NaAlg is negatively charged above pH 2.0; therefore, 
LF and NaAlg were able to form complex coacervates over a wide pH range (pH 2.0–8.0) 
and LF-to-NaAlg ratios (4:1–24:1). However, the highest yield (91%) and turbidity (61 FTU) 
of LF-NaAlg complex coacervate were observed at pH 4.5 and at LF-to-NaAlg ratios of 8:1. 
Slightly lower, yet realistic yield and turbidity values (85%, 57 FTU) were achieved at a LF-
to-NaAlg ratio of 16:1. Since the higher LF-to-NaAlg ratio contains lower concentration of 
NaAlg in the final LF-NaAlg complex coacervates, the LF-to-NaAlg ratio of 16:1 could be a 
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preferred parameter for industrial production. Therefore, LF-to-NaAlg ratios of either 16:1 or 
8:1 can be chosen as the optimum ratio depending on the application of the resultant complex 
coacervates. It has to be stated here that no change in the secondary structural features of LF 
occurred due to the formation of electrostatically driven LF-NaAlg complex coacervates. 
Furthermore, these LF-NaAlg complex coacervates provided 27%–34% protection to LF 
during the gastric stage of digestion. It is worth noting here that structure feature of un-
complex LF is completed destroyed at this stage of digestion. This level of protection 
provided by the NaAlg is due to the fact that formed insoluble complex coacervates and 
blocked some of the sites which would otherwise be available to pepsin for proteolysis. As a 
consequence, significantly less alteration of secondary structural features of LF was observed 
at the gastric stage of digestion. Interestingly, the antioxidant capacity of LF was fully 
retained during gastrointestinal tract. However, the effectiveness of LF as an iron transferring 
protein was not improved when it formed complex coacervates with NaAlg. This is because 
LF was not entirely covered when it was coacervated with NaAlg and hence its surface was 
partially exposed to the acid and enzymes prevailing during gastric digestion stage. These 
exposing patches provide sites for acid and enzymes to penetrate the coacervate structure. 
Once the enzymes and acids are able to access the sites, they are able to irreversibly break 
down the iron binding structural domains of LF and ultimately compromise its iron binding 
ability. Therefore, forming complex coacervates with NaAlg only slowed down or reduced 
the premature digestion of LF in gastric digestion stage to some extent. Much stronger or 
effective protection of LF’s structure and associated functions (e.g. iron binding ability) 
requires additional treatments such as forming complex coacervates with a more digestion-
resistant matrix or application of completely different microencapsulation method. 
Nevertheless, the above findings provide useful insights of digestion of LF in complex 
coacervated state.  
 
7.3. Contribution made by this Thesis to the community and industry 
The major contributions made by this Thesis are listed below. 
1.  This research is important to industry as well as to the academic community. The 
findings documented in Chapter 3 (Wang et al., 2017a) and Chapter 4 (Wang et al., 
2017b) show, conclusively, that structurally and functionally intact LF powders can be 
produced through spray drying and these powders possess either similar or better 
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physicochemical properties compared to the LF powders produced through freeze-
drying. When an industry implements the process protocols developed in this study, it 
can produce spray-dried LF powders at significantly low cost. Upon implementation of 
these findings in industry, LF powders will be more readily available. This will broaden 
the application of LF in many food and pharmaceutical formulations.   
2. The understanding of nature and extent of digestion of LF in human digestive system is 
important for industry as well to the end-users. This understanding will help develop 
encapsulating shell material and encapsulation method that can produce encapsulated LF 
powder that resist the premature digestion of LF in the gastric stage of digestion. Such 
encapsulated LF powders can then be used to deliver LF in structurally and functionally 
intact form to the desired sites of human intestine for its absorption. For example, the 
findings from Chapter 5 (Wang et al., 2017c) showed that all forms of LF were 
completely hydrolysed or digested in gastric phase of digestion, which indicates that this 
protein must be protected from premature digestion in order to effectively deliver it to 
the small intestine. 
3. The findings documented in Chapter 6 (Wang et al., 2017d) indicated that the LF- 
sodium alginate complex coacervates can be synthesized easily and efficiently if the 
specific pH range and LF-to-NaAlg ratios proposed in this work are used. This complex 
coacervation process can be replicated or scaled up easily in industrial setting. The 
structure and function of LF are better protected in complex coacervated form with 
NaAlg in the digestion stage of human digestion upon oral intake. Thus, this study will 
ultimately contribute to the good health of human population.   
Four research articles and a review paper were generated from this thesis. All the 
research articles have been published in peer-reviewed journals. The review article forms the 
Literature Review chapter. It has been accepted for publication in a well-regarded refereed 
journal. Overall, the findings of this study provide sound basis for producing high quality LF 
powders using convective air drying/spray drying. It also provides insightful knowledge for 
preserving the structure-function properties of LF during digestion by using complex 
coacervation.  
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7.4. Recommendations for the future work 
Due to constraints in time and resources, the following lines of research could not be 
pursued and are recommended for future research.  
1. Fresh membrane processed native-LF donated by Tatura-Bega company was used, as 
received, as the starting material to produce spray-and freeze-dried LF powders. The spray 
and freeze drying studies of holo- and apo-LF could not be undertaken as these two forms 
of LF were synthesised in small quantities. The holo-LF provides more iron content in LF-
fortified products and apo-LF possesses stronger iron binding capacity compared to the 
native form. A systematic study on the science of powder formation and greater 
understanding of the functional properties of apo- and holo-LF would help them produce 
commercially and make them available in the market.  
2. Industrially obtained native-LF was used to form LF-NaAlg complex coacervates. The 
science of formation of complex coacervates of holo-/apo-LF and NaAlg and their 
digestion behaviour could not be studied as part of this thesis. Studies on these two aspects 
would provide better understanding of molecular level of interaction between LF and 
NaAlg.   
3. Preliminary results have shown that calcium chloride (CaCl2) could displace the iron 
content in LF. The interaction of calcium ion with LF and/or LF-NaAlg complex 
coacervate may displace iron ion and may make LF nutritionally inferior. The 
displacement of iron from LF and encapsulated LF structure by any ion is important from 
scientific and application perspective.      
4. The LF-NaAlg complex coacervates provided up to 34% protection of LF during digestion. 
However, there are many acid-stable polysaccharides such as guar gum, xanthan gum and 
pectin. These polysaccharides could form complex coacervates with LF but could not be 
studied in this thesis. Thus, synthesis of complex coacervates of LF with broad range of 
acid-stable polysaccharides and their digestion study could be an interesting line of 
research.         
5. Secondary structural features of LF were used as indicators of changes in its structure-
function relationship during drying and digestion. The higher order structure can be 
realistically used for this purpose. Three-dimensional modelling can provide a holistic 
Lactoferrin: Structure, Function, Thermal Denaturation and Digestion                                    ------ Bo Wang 
 
83 
 
picture of the structure-function correlations of LF and its complexes and complex 
coacervates. 
6. Adult intestinal digestion was simulated in this thesis in preparing simulated digestion 
fluids. The digestion condition in infant intestinal tract was not simulated. Since the 
digestive systems of infants and newborns are different than that of adult (e.g. intragastric 
pH and the gastric empting rate is higher), LF could exhibit different digestion patterns. 
Understanding of the digestion and absorption properties of LF and its complexes and 
coacervates in simulated infant digestion conditions would provide important insights on 
the digestion of LF used in infant products. 
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